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 　 　Searches for planets �
¤  Since first discovery of an exoplanet around solar type star 51 Peg 

b, ~2000 exoplanets have been discovered. （Feb. 2016） 
¤  Mayor & Queloz, Nature, Volume 378, Issue 6555, pp. 355-359, 1995 
¤  http://exoplanet.eu/ 
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Detection method :  Doppler�
¤  By Dopper method 

¤  Period 　P 
¤  Eccentricity  e 
¤  Amplitude  K 

¤  Planetary parameters 
¤  Mass   　Mstarsini 

¤  inclination I  
¤  semimajor axis 　a �
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Detection method :  Transit�

We then estimated the frequency of the allowed
blends by taking into account all available ob-
servational constraints from the follow-up obser-
vations discussed in (9). Finally, we compared this
frequency with the expected frequency of true
planets (planet “prior”) to derive the odds ratio
(9). By incorporating these constraints into aMonte
Carlomodel that considered awide range of stellar
and planetary characteristics, we determined es-
timates of the probability of each false positive
that could explain the observations (9).

Our simulations of each of the candidates in-
dicate that the likelihood of a false-positive ex-
planation is much smaller than the likelihood that
the candidates constitute a planetary system. The
calculated odds ratios that Kepler-62b through
-62f represent planets rather than false positives
are 5400, >5000, 15,000, 14,700, and >5000, re-
spectively (9). There is also a 0.2% chance that
the planets orbit a widely spaced binary composed
of two K2V stars; if so, the planets are larger
in radius than the values shown in Table 1 by a
factor of

ffiffiffi
2

p
(9).

To determine whether a planet is in the HZ,
we calculated the flux of stellar radiation that it
intercepts. It is convenient to express intercepted
flux in units of the average solar flux intercepted
by Earth, denoted by S⊙. The values of the stel-
lar flux intercepted by Kepler-62b to -62f are
70 T 9 S⊙, 25 T 3 S⊙, 15 T 2 S⊙, 1.2 T 0.2 S⊙,
and 0.41 T 0.05 S⊙, respectively. Eccentric planetary
orbits increase the annually averaged irradiation
from the primary star by a factor of 1/(1 – e2)1/2,

where e is the orbital eccentricity (19). Because
the model results for the orbital eccentricities of
Kepler-62b through -62f are small and consistent
with zero, no corrections were made.

The HZ is defined here as the annulus around
a star where a rocky planet with a CO2-H2O-N2

atmosphere and sufficiently large water content
(such as on Earth) can host liquid water on its

solid surface (20). In this model, the locations of
the two edges of the HZ are determined on the
basis of the stellar flux intercepted by the planet
and the assumed composition of the atmosphere.
A conservative estimate of the range of the HZ
(labeled “narrow HZ” in Fig. 3) is derived from
atmospheric models by assuming that the
planets have H2O- and CO2-dominated atmo-
spheres with no cloud feedback (21). The flux
range is defined at the inner edge by thermal
runaway due to saturation of the atmosphere by
water vapor and at the outer edge by the freeze-
out of CO2. In this model, the planets are as-
sumed to be geologically active and climatic
stability is provided by a mechanism in which
atmospheric CO2 concentration varies inversely
with planetary surface temperature.

The “empirical” HZ boundaries are defined
by the solar flux received at the orbits of Venus
and Mars at the epochs when they potentially
had liquid water on their surfaces. Venus and
Mars are believed to have lost their water at
least 1 billion years and 3.8 billion years ago,
respectively, when the Sun was less luminous.
At these epochs, Venus received a flux of 1.78 S⊙
and Mars a flux of 0.32 S⊙ (20). The stellar
spectral energy distributions of stars cooler than
the Sun are expected to slightly increase the ab-
sorbed flux (20). Including this factor changes
the HZ flux limits to 1.66 and 0.27 S⊙ for the em-
pirical HZ, and 0.95 and 0.29 S⊙ for the narrow
HZ (21). Figure 3 shows that Earth and Kepler-
62f are within the flux boundaries of the narrow
HZ, whereas Kepler-22b and Kepler-62e are
within the empirical flux boundaries.

Although RVobservations were not precise
enough to measure masses for Kepler-62e and
-62f, other exoplanets with a measured radius
below 1.6 R⊕ have been found to have densities
indicative of a rocky composition. In particular,
Kepler-10b (22), Kepler-36b (23), and CoRoT-7b
(24) have radii of 1.42 R⊕, 1.49 R⊕, and 1.58 R⊕
and densities of 8.8, 7.5, and 10.4 g/cm3, respec-
tively. Thus, it is possible that both Kepler-62e
and -62f (with radii of 1.61 R⊕ and 1.41 R⊕) are
also rocky planets.

The albedo and the atmospheric character-
istics of these planets are unknown, and there-
fore the range of equilibrium temperatures (Teq)
at which the thermal radiation from each plan-
et balances the insolation is large and depends
strongly on the composition and circulation of
the planets’ atmospheres, their cloud charac-
teristics and coverage, and the planets’ rota-
tion rates (25, 26). However, for completeness,
values of Teq were computed from Teq = Teff
[b(1 – AB)(R*/2a)

2]1/4, where Teff is the effec-
tive temperature of the star (4925 K), R* is the
radius of the star relative to the Sun (0.64), AB is
the planet Bond albedo, a is the planet semimajor
axis, and b is a proxy for day-night redistribution
(1 = full redistribution, 2 = no redistribution). For
the Markov chain Monte Carlo calculations, it was
assumed that b = 1 and that AB is a random num-
ber from 0 to 0.5 (Table 1).
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Fig. 1. Kepler-62 light curves after the data
were detrended to remove the stellar varia-
bility. Composite of phase-folded transit light
curves (dots), data binned in ½ hour intervals
(blue error bars), and model fits (colored curves)
for Kepler-62b through -62f. Model parameters
are provided in Table 1. The error bars get larger
as the period becomes larger because there are
fewer points to bin together. For the shortest pe-
riods, the bars are too small to see.
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Reject Detections of exoplanets �
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Fig. 1. Selected regions of the composite spectra of HD 166435 (solid line). For comparison, a solar integrated spectrum
(Kurucz et al. 1984) with the same resolution has been superimposed (hatched line). Upper panel Ca II H line. An emission
feature is clearly visible in the core of the line. Lower panel Region of the Li7 line at 6708 Å. The solar spectrum is slightly
offset upwards for display purpose. No strong Li7 feature is detected in the HD166435 spectrum. Notice in both figures the
larger line broadening of HD 166435 compared to the Sun.

Fig. 2. Phase diagram of the radial-velocity data with a period
of 3.7987 day. A binary model is superimposed on the data
(solid line). See text for details.

motion of this confirmed planet in close orbit produces si-
nusoidal reflex motion. As expected, no significant phase

changes can be seen in the 51Peg data (Fig. 4, bottom
panel). Interestingly, the random phase changes in the ra-
dial velocities from HD 166435, while signifcantly larger
than in 51Peg, are not so large as to prevent their reason-
ably good description by a sinuosidal model of the whole
two-year data set.

The detection of significant phase shifts in the
HD 166435 radial velocities explains the high rms
(28m s−1) of the residuals to the planet model fit in Fig. 2.
We also examined the amplitude K of the fits and their
zero levels V0 for similar changes with the same technique.
No significant change of the K amplitude was detected for
either star. The V0 values for HD 166435 exhibited small
variations that are probably related to line-profile varia-
tions (see below).

2.2. Line profile and bisector analysis

The radial velocity of a star is defined to be the velocity
of the center of mass of the star along our line of sight.
However, the observational determination of a star’s radial
velocity is accomplished by measuring the Doppler shift
of spectral lines produced in the stellar atmosphere. If
changes occur in the star’s spectral-line profiles, the mea-
sured Doppler shifts may not correspond precisely to the
velocity of the star’s center of mass. For pulsating stars

HD 166435 
P = 3.8 days�

D. Queloz et al.: No planet for HD 166435 283

Fig. 5. Right: the mean CCF function of HD 166435’s spectra
constructed with a template selecting only the weak and non-
saturated lines. This profile represents the mean spectral-line
profile of the lines selected by the template. Left: the bisector
of the CCF. V0 is an arbitrary offset. Note the definition of the
boundaries for the computation of (Vt and Vb).

with the radial-velocity cycle. The amplitude of this effect
is enough to produce the observed radial-velocity signal.

To investigate further the exact relationship between
the orientation of the bisectors (bisector span) and the
radial velocity of the CCF, we plot these two parameters
in Fig. 7. A direct relationship between the two quan-
tities is clearly visible. A linear solution (Vt − Vb) =
−0.88(±0.04)Vr can be fit with a 27m s−1 rms. Thus, the
results of our line-profile analysis of HD 166435’s CCFs
provide strong evidence that the radial-velocity variations
originate in the stellar atmosphere and not from reflex
motion of the whole star.

3. Photometry

The Hipparcos catalogue lists 144 photometric measure-
ments of HD 166435 acquired between 1990 January and
1993 March and identifies the star as an “unsolved” vari-
able with a range of 0.05 mag (Perryman et al. 1997). Our
periodogram analysis of the Hipparcos photometry con-
firms the lack of periodicity, particularly near the radial-
velocity period. This is what led us initially to suspect
that our observed radial-velocity variations might be due
to the presence of a planet in an orbit similar to that of
the companion of 51 Pegasi (Mayor & Queloz 1995).

Thus, shortly after the detection of the periodicity
in the radial-velocity signal, we began photometric ob-
servations of HD 166435 with the T8 0.80m automatic
photoelectric telescope (APT) at Fairborn Observatory in

Fig. 6. Individual bisectors for two sets of spectra selected at
opposite phases of the radial-velocity cycle. a) Spectra mea-
sured at φ = 0.0 ± 0.1. b) Spectra measured at φ = 0.5 ± 0.1.
The hatched line illustrates the mean bisector computed by
averaging all spectra.

Arizona to search for possible transits of the companion
across the disk of the star. We acquired 326 Strömgren b
and y observations with a two-channel precision photome-
ter on the APT between 1998 June and 2000 June. The
observations were reduced differentially with respect to
the comparison star 99 Her (HR 6775, HD165908, F7V),
corrected for atmospheric extinction with nightly extinc-
tion coefficients, and transformed to the Strömgren sys-
tem. External precision of a single observation with the
0.80 m APT averages 0.0011 mag. Further details of the
automatic-telescope operations and data-reduction proce-
dures can be found in Henry (1999). The individual pho-
tometric observations are available on the Tennessee State
University Automated Astronomy Group web site1.

Periodogram analysis of the entire set of 326 ob-
servations taken together reveals a photometric pe-
riod of 3.7995 ± 0.0005d. Thus, the photometric and
radial-velocity periods agree within their respective
uncertainties.

For our photometric analysis we adopt, as refer-
ence, the radial-velocity period of 3.7987-day and T0 =
2 450 996.5, the radial-velocity maximum of the best-fit
sine-curve model. The photometric observations are di-
vided into five groups as shown in Table 1, where we give
the results of least-squares, sine-curve fits on the radial-
velocity period to the five Strömgren y data sets. We
also list the periods derived from the five individual data

1 http://schwab.tsuniv.edu/t8/hd166435/hd166435.html
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Fig. 7. Radial velocity of each CCF versus the bisector span
(Vt −Vb) of the CCF profile. The dotted line is the best linear
fit to the data.

sets. The photometric amplitudes vary from 0.050mag
to 0.035mag; the mean magnitudes of the five data sets
have a range of about 0.023mag. Although the five light
curves approximate sinusoids, the rms values are, never-
theless, somewhat higher than the 0.0011mag precision of
typical observations. This is primarily the effect of slight
cycle-to-cycle changes in the light curves within each data
set; the rms values increase for the later data sets since
the later data sets are longer and contain more cycles.

Data set 1, which covers only 10 days or 2.7 cycles, has
the largest number of observations since at this time we
were making repeated measurements each night to search
for transits. These data are plotted in the left and right
third panels from the top of Fig. 8. Based on the Hipparcos
photometry mentioned above, we did not expect to find
coherent light variability on this period. Instead, we found
a smoothly varying, nearly sinusoidal light curve with a
period matching the radial-velocity period and a minimum
near phase 0.25, where we had hoped to find transits.

In Fig. 8 we see that the time of radial-velocity max-
imum, i.e., maximum red shift at phase 0.0, corresponds
closely to the time when the light curve crosses its mean
level at ∆y = 1.85mag in the downward direction. The
time of photometric minimum corresponds closely to the
time when the radial-velocity curve crosses its mean level
(zero velocity shift with respect to the mean velocity) in
the downward direction. The time of radial-velocity mini-
mum corresponds closely to the time when the light curve
crosses its mean level in an upward direction. Finally,
the light-curve maximum corresponds closely to the time
when the radial-velocity curve crosses its mean level in
an upward direction. Hence, these two nearly sinusoidal
curves are one-quarter cycle out of phase with each other.

Our Strömgren photometry and ∆(b − y) colors from
data set 1 are plotted in the bottom two panels of
Fig. 8, also with phases computed from the radial-velocity
ephemeris. The color curve is exactly in phase with
the light curve and has a peak-to-peak amplitude of
0.009mag. The star is redder when it is fainter.

4. Ca II H and K spectrophotometry

From 1998 June to 1998 August, 141 Ca II H and K mea-
surements were made on 20 nights with the 100-inch
telescope at Mount Wilson Observatory as part of the
HK Project (Baliunas et al. 1998). In that program, mea-
surements of the Ca II H and K lines of several thousand
stars are made as a proxy for surface magnetism.

The observed quantity, S, is the flux measured in two
0.1 nm pass bands centered on the H and K lines normal-
ized by two 2.0 nm-wide sections of photospheric flux cen-
tered at 390.1nm and 400.1nm. A nightly calibration fac-
tor is determined from measurements of a standard lamp
and standard stars (Baliunas et al. 1995). The night-to-
night rms precision of the lamp is on the order of 0.5%,
while the standard stars have an average standard devia-
tion of ∼1.5%, which limits the lowest amplitude of vari-
ability that can be detected to approximately 1%.

Our periodogram analysis of the 141 Ca II observa-
tions over a period range of two to ten days gives a strong
periodicity at 3.85 ± 0.01d, essentially identical to the
radial-velocity and photometric periods. Since the time
span of the Ca II observations is only 62 days and the pe-
riod uncertainty is larger than for the radial velocities, we
adopted the radial-velocity period and T0 = 2 450 996.5
for the analysis.

A 30-day subset of the S measurements, during which
we had simultaneous photometry and radial-velocity data,
is plotted in the second from the top panels of Fig. 8.
A sinusoidal fit to these S values gives an amplitude
of 0.023 and a mean value of 0.46. Interestingly, the phase
is shifted 1/8 of a cycle compared to the light and color
curves (with 15% statistical error). The variation of S is
therefore 1/8 cycle out of phase with the radial-velocity
variation. The star has its higher level of Ca II H and
K emission 1/8 of a cycle after it is faintest and 1/8 of a
cycle before it reaches its most red-shifted radial velocity.
Similar phase differences between photometric and photo-
spheric data are also detected in the G0 Hyades star VB31
(Radick et al. 1987).

5. Discussion and modeling

Our observations of HD 166435 indicate that the star is
active and thus young. The relatively fast rotation also
indicates a young star. If we assume that the X-ray flux
detected by ROSAT (Burleigh et al. 1997) indeed orig-
inates from the star, the 0.5 c/s PSPC counts in the
0.1–2.4 keV range (Randich & Schmitt 1995) corresponds
to log(LX) = 29.5 or log(LX/Lbol) = −4.1. About the
same X-ray luminosity is measured in other single stars
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Fig. 1. Selected regions of the composite spectra of HD 166435 (solid line). For comparison, a solar integrated spectrum
(Kurucz et al. 1984) with the same resolution has been superimposed (hatched line). Upper panel Ca II H line. An emission
feature is clearly visible in the core of the line. Lower panel Region of the Li7 line at 6708 Å. The solar spectrum is slightly
offset upwards for display purpose. No strong Li7 feature is detected in the HD166435 spectrum. Notice in both figures the
larger line broadening of HD 166435 compared to the Sun.

Fig. 2. Phase diagram of the radial-velocity data with a period
of 3.7987 day. A binary model is superimposed on the data
(solid line). See text for details.

motion of this confirmed planet in close orbit produces si-
nusoidal reflex motion. As expected, no significant phase

changes can be seen in the 51Peg data (Fig. 4, bottom
panel). Interestingly, the random phase changes in the ra-
dial velocities from HD 166435, while signifcantly larger
than in 51Peg, are not so large as to prevent their reason-
ably good description by a sinuosidal model of the whole
two-year data set.

The detection of significant phase shifts in the
HD 166435 radial velocities explains the high rms
(28m s−1) of the residuals to the planet model fit in Fig. 2.
We also examined the amplitude K of the fits and their
zero levels V0 for similar changes with the same technique.
No significant change of the K amplitude was detected for
either star. The V0 values for HD 166435 exhibited small
variations that are probably related to line-profile varia-
tions (see below).

2.2. Line profile and bisector analysis

The radial velocity of a star is defined to be the velocity
of the center of mass of the star along our line of sight.
However, the observational determination of a star’s radial
velocity is accomplished by measuring the Doppler shift
of spectral lines produced in the stellar atmosphere. If
changes occur in the star’s spectral-line profiles, the mea-
sured Doppler shifts may not correspond precisely to the
velocity of the star’s center of mass. For pulsating stars
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and problematic observations discarded (Supplementary Infor-
mation section 4).
Imprecise stellar coordinates. When estimating stellar radial velo-
cities with regard to the barycentre of the Solar System, we need to
remove the component of the velocity of the Earth in the direction of
the star. Imprecise coordinates will then result in an imprecise cor-
rection and therefore in a residual signal in the radial velocities. This
effect was first pointed out when searching for planets around pulsars,
when the times of arrival were varying periodically in time owing to
imprecise pulsar coordinates34. Owing to the circular orbit of the
Earth around the Sun, this signal will be a sinusoid with a one-year
period. a Centauri A and B are gravitationally bound, resulting in a
binary orbital motion, which has to be corrected to obtain precise
coordinates for a Centauri B (Supplementary Information section 5).

Removing the various signals
The approaches used to remove or mitigate the effects of the various
signals potentially masking the existence of a low-mass planet have
been described in the preceding paragraphs. For contamination com-
ing from a Centauri A, we removed observations with a too-high level
of contamination. For instrumental noise and granulation that cannot
be easily modelled, the estimated radial-velocity contribution from
each source is quadratically added as white noise to the raw error bars.
For the other effects, parametric models have been proposed. A global
fit to the data, including the binary signal, the long-term activity signal
and the rotational activity effect, involves 23 free parameters
(Supplementary Information section 6).

A planet with a minimum mass that of the Earth
The generalized Lomb-Scargle periodogram35 of the radial-velocity
residuals shows two peaks at 3.236 and 0.762 d, with a false alarm

probability (FAP) lower than a conservative 1% limit (Fig. 4a). These
two periods are aliases of one another. A careful analysis of the struc-
ture in frequency of the periodogram suggests that the peak at 3.236 d
is the true signal (Supplementary Information section 7).

The global model makes use of parameters associated with different
timescales. One could thus worry whether the signal at 3.236 d could
have been introduced during the process of eliminating the stellar
signals. We performed Monte Carlo simulations to determine if this
could be the case, and concluded that the signal is real and not an
artefact of the fitting process (Supplementary Information section 8).

The peak at 3.236 d in the radial-velocity residuals is significant
with a FAP of 0.02%. Using a Markov chain Monte Carlo algorithm
coupled to a genetic algorithm to characterize the Keplerian solution,
we obtained a signal with a well-constrained period and amplitude.
The eccentricity is poorly constrained but is compatible with zero
within a 1.4s uncertainty (Supplementary Information section 9).
To fit this planetary signal simultaneously with the other contribu-
tions to the radial velocities, we added a sinusoidal signal representing
the circular planet orbit to the global fit (Supplementary Information
section 6). The observed dispersion of the residuals around the final
solution is 1.20 m s21 and the reduced x2 value is 1.51 (with 26 para-
meters for 459 radial-velocity points). The semi-amplitude of the
planetary signal is K 5 0.51 6 0.04 m s21, which corresponds to a
planet with a minimum mass of 1.13 6 0.09 Earth masses considering
a stellar mass of 0.934 solar masses and with an orbital period of
P 5 3.2357 6 0.0008 d. The orbital and planet parameters are given
in Table 1. In the residuals of the global fit, a signal with an FAP of
0.3% is present; however, it could have multiple origins (Supplemen-
tary Information section 6).

In Fig. 5, we show the radial-velocity measurements corrected for
stellar and binary effects, folded in phase with the 3.236-d period,
superimposed on the derived solution for the planetary signal. In
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Figure 3 | Fit of the rotational activity. a–d, Radial velocities (RV) of a
Centauri B after correction of the binary’s signature (of a Centauri B orbiting a
Centauri A), magnetic-cycle and coordinates effects, for the years 2008
(a), 2009 (b), 2010 (c) and 2011 (d), are shown as black dots with 1s error bars.
The grey curve represents for each plot the fit of the rotational activity signal,
adjusting sinusoids at the stellar rotational period and the corresponding
harmonics. The rotational period estimated from the stellar activity model
decreases from the second season of observation to the last, with estimated
periods (in days) of 39.76 (b), 37.80 (c) and 36.71 (d) (Supplementary
Information section 6). This can be explained if the star exhibits differential
rotation. Indeed, it has been shown for the Sun that spots appear at a latitude of
130u or 230u at the start of a magnetic cycle (like in 2008) and then migrate
towards the equator during the cycle. Owing to differential rotation, observed
for the Sun, the rotational period estimated by activity modelling should
decrease from the start to the end of a magnetic cycle. A similar effect is seen
here for a Centauri B. We therefore believe that differential rotational has been
detected here for this slow rotator41 (X.D. et al., manuscript in preparation).
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Figure 4 | Periodograms of the radial-velocity residuals after removing the
non-planetary signals. a, The periodogram of the velocities after correction for
stellar, imprecise coordinates and binary effects, with continuous, dashed and
dotted lines indicating the 0.1%, 1% and 10% FAP, respectively. The highest
peak, at 3.236 d inside the shaded region, has an FAP of 0.02%. b, A small part of
the periodogram around the planet signal is represented. The periodogram for
all seasons is shown in black, and the yearly periodograms for each
observational period (2008, 2009, 2010 and 2011) are shown in different
colours. The amplitudes of the yearly periodograms are normalized so that the
10% FAP of each matches the 10% FAP of the periodogram for all seasons. The
phase of the most important peaks is shown (arrows); the direction of the arrow
gives the phase between 0u and 360u. For each year of observation, the peak at
3.236 d conserves the same phase, which is expected for a planetary signal. On
the contrary, the peak at 2.8 d and its alias at 3.35 d do not keep the same phase
and are therefore associated with noise (these peaks appear only in 2009 and
their FAPs are higher than 10%).
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will remove all the identified radial-velocity signals. In the residuals,
we will be able to search for small-amplitude planetary signals.

Perturbing signals for planet searches
a Centauri B is a quiet star among the targets monitored in searches
for low-mass planets. However, the very high precision of HARPS
allows us to discern in the measurements different perturbing signals
at the metre-per-second level. Compared to the radial-velocity signal
induced by terrestrial planets, a few to a few tens of centimetres per
second, these perturbing signals are non-negligible and must be mod-
elled and mitigated before searching for small-mass planets.
Instrumental noise. Guiding noise and other possible instrumental
noise are not considered in the data error bars. Their global effect is
estimated to be 0.7 m s21, given the typical dispersion obtained for the
most stable stars of the HARPS high-precision programme14.
Stellar oscillation modes. aCentauri B exhibits high-frequency oscil-
lation modes16,17, with typical periods of less than five minutes. An
exposure time of ten minutes thus averages out efficiently, to a level of
a few centimetres per second, the signal due to oscillation modes.
Granulation. a Centauri B is a solar-type star and has therefore an
outer convection zone responsible for a granulation pattern on its
surface. Depending on temperature, granulation cells have positive
or negative radial velocities, resulting in a non-zero global radial-
velocity signal when their individual contributions are integrated over
the disk of the star, weighted by the luminosity of the cells. The
granulation effect introduces radial-velocity variations on timescales
ranging from 15 min to several hours18,19. For a Centauri B, models of
granulation20 suggest an r.m.s. radial velocity of 0.6 m s21.
Rotational activity signal. Owing to stellar rotation and the Doppler
effect, one side of the star has a positive radial velocity compared to the
average, while the other side has a negative one. However, if a spot
(darker or brighter than the mean stellar surface) is present on one
side of the star, the velocity balance will be broken and a residual radial
velocity will be measured. With stellar rotation, a spot will move from
one side of the stellar disk to the other, introducing periodic signals at
the stellar rotational period and the corresponding harmonics21. The
lifetime of spots on the stellar surface is typically a few rotational

periods22, so after several rotations, the configuration of spots will
be different, thus changing the phase and amplitude of the signal.

The radial velocities of a Centauri B show a clear signal at 38.7 d
(Figs 1d and 2b), which corresponds to the rotational period of the
star23. An efficient way to model rotational activity effects is to select
radial-velocity measurements over time intervals of a few rotational
periods, and fit sine waves at the rotational period and the corres-
ponding harmonics21 (Supplementary Information section 2). The
best fit for the rotational activity signal for each observational season
can be seen in Fig. 3.
Long-term activity signal. During a solar-like magnetic cycle, the
number of spots on the stellar surface (dark spots, plage faculae) varies
from zero to several hundreds. Inside these spots, a strong magnetic
field is present, which freezes the convection24–28. For the Sun, as for
other stars similar to a Centauri B in spectral type29, convection
induces a blueshift of the stellar spectra30–32. Therefore, no convection
means no convective blueshift inside these regions, and so the spec-
trum of the integrated stellar surface will appear redshifted. Because a
redshift means a measured positive radial velocity, a positive correla-
tion between the magnetic cycle variation and the long-term radial-
velocity variation is then expected.
a Centauri B shows signs of weak but detectable chromospheric

activity, evidenced by the re-emission in the centre of the Ca II H and
K lines (the log(R9HK) activity index). a Centauri B exhibits a mag-
netic cycle with a minimum amplitude of AR9HK < 0.11 dex (Fig. 2a).
To correct the radial-velocity effect due to the magnetic cycle (see
Fig. 1b and c), we assume a linear correlation between the log(R9HK)
activity index and the activity-related radial-velocity variation33 (that
is, both variations have the same shape; Supplementary Information
section 3).
Orbital motion. The orbital period of the binary composed of a
Centauri A and B is PAB 5 79.91 yr (ref. 7). The HARPS observations
of a Centauri B cover an interval of only four years. The orbit of the
system over such an interval can then adequately be approximated by
a second order polynomial (see Fig. 1a).
Light contamination. Owing to the close separation on the sky
between a Centauri A and B, the spectra of B can be contaminated
by light coming from A when the observing conditions are poor. The
resulting effect on the radial-velocity measurements was estimated
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Figure 1 | Radial velocities of a Centauri B and fitting the long-timescale
stellar signals. a, Raw radial velocities (RV) and the fit of the binary’s signature
(a Centauri B orbiting a Centauri A). In the residuals (c), signals at long period
are visible. These signals, highlighted by grey arrows (‘long-term activity’) in
periodogram b, correspond to the effect of the magnetic cycle. The grey curve in
c shows the variation of the low-frequency part of the activity index scaled to the
radial-velocity variation. When these low-frequency perturbations are
removed, signals induced by rotational activity, pointed out by grey arrows in
periodogram d, can be seen at the rotation period of the star and its harmonics.
JD, Julian date. Error bars in c, 1s.
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Fig. 4b we show that the 3.236-d signal conserves its phase for each
observational year, which is expected for a planetary signal.

An important piece of information about the inner composition of
an exoplanet is obtained when the planet is transiting its parent star,
allowing its radius to be measured. Combined with the real mass
estimate, the radius leads to the average density of the planet. In the
present case, given a stellar radius36 of 0.863 times the solar radius and
assuming the radius of the planet is that of the Earth, the planet transit
probability is estimated at 10%, with a transit depth of 1024. The
detection of a planet transit, only possible from space, would allow
us to confirm the expected rocky nature of the detected planet around
a Centauri B.

The r.m.s. radial velocity induced by the stellar rotational activity
amounts to 1.5 m s21 on average. The detection of the tiny planetary
signal, with a semi-amplitude K 5 0.51 m s21, thus demonstrates that
stellar activity is not necessarily a definitive limitation to the detection
of small-mass planets. Using an optimized observational strategy and
the present knowledge about activity-induced radial-velocity effects,
it is possible to model precisely and mitigate activity signals, and
therefore improve considerably the planet detection limits.

With a separation from its parent star of only 0.04 AU, the planet is
orbiting very close to a Centauri B compared to the location of the
habitable zone. However, the observed radial-velocity semi-ampli-
tude is equivalent to that induced by a planet of minimum mass four
times that of Earth in the habitable zone of the star (P 5 200 d; ref. 37).

The HARPS spectrograph therefore has the precision required to
detect a new category of planets, namely habitable super-Earths.
This sensitivity was expected from simulations of intrinsic stellar
signals15, and actual observations of planetary systems14.

The optimized observational strategy used to monitor a Centauri B
is capable of reaching the precision needed to search for habitable
super-Earths around solar-type stars using the radial-velocity tech-
nique. However, it requires an important investment in observation
time, and thus only few targets can be observed over several years.
Recent statistical analyses and theoretical models of planetary forma-
tion suggest that low-mass rocky planets and especially Earth twins
should be common12,38–40. We are therefore confident that we are on
the right path to the discovery of Earth analogues.
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Table 1 | Orbital parameters of the planet orbiting a Centauri B
Parameter Value

Orbital period (d) 3.2357 6 0.0008
Time of maximum velocity (BJD) 2455280.17 6 0.17
Eccentricity 0.0 (fixed)
Velocity semi-amplitude (m s21) 0.51 6 0.04
Minimum mass (Earth masses) 1.13 6 0.09
Number of data points 459
O 2 C residuals (m s21) 1.20
Reduced x2 value 1.51

BJD, barycentric Julian date; O 2 C, observed minus calculated.
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Figure 5 | Phase-folded radial-velocity curve with a period of 3.2357 d.
Green dots, radial velocities after correction of the stellar, binary and
coordinates effects. Red dots, the same radial velocities binned in phase, with a
bin size of 0.05. The error bar of a given bin is estimated using the weighted
r.m.s. of the global fit residuals (including the planetary fit) that make this bin,
divided by the square root of the number of measurements included in this bin.
This estimation of the bin error bars assumes Gaussian noise, which is justified
by the binning in phase, which regroups points that are uncorrelated in time.
The r.m.s. around the planetary solution is 1.20 m s21 for the raw points (green
dots) and 0.21 m s21 for the binned points (red dots). The red curve represents
the global fit solution of the planet, with a semi-amplitude of 0.51 m s21.
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Fig. 1. Best-fit orbital solution for HIP11915b. Data points are the ob-
served RVs with o↵set and S HK correlation terms subtracted. One resid-
ual point is located outside of the plot range, as denoted by the arrow.

median-subtracted S HK values (or any other correlations used in
the model; see Section 3.2).

All of the fit parameters were given uniform priors except for
P and K, which were sampled in log-space with a log-uniform
prior. We ran five parallel chains and used the requirement of
a Gelman-Rubin test statistic below 1.01 for all parameters to
avoid non-convergence (Gelman & Rubin 1992). The best-fit or-
bital solution, plotted in Figure 1, corresponds to an approxi-
mately Jupiter-mass planet on a 10-year orbit with eccentricity
consistent with zero (see Table 1). As seen in the MCMC pos-
terior distributions (Figure 5), the chief source of uncertainty in
the period measurement is in its degeneracy with eccentricity
and the associated argument of periapse, parameters that are in-
evitably poorly constrained when only one orbit has been ob-
served. The best-fit jitter term is consistent with the predicted
stellar jitter of 2.1 m s�1 from the formula of Wright (2005).

After subtracting the best-fit planet signal, we searched for
additional signals in the residuals with a generalized Lomb-
Scargle periodogram analysis (Zechmeister & Kürster 2009). No
significant periodicities were identified in the residuals to the
planet fit or in the residuals to the planet and the fitted S HK trend.
We place constraints on the presence of additional planets in the
system using a test based on the bootstrapping and injection of
a planet signal into the residuals. For this test, we use the resid-
uals to the planet fit only, and inflate the error bars (with jitter
included) such that a flat-line fit to the residuals gives a reduced
chi-squared of one. We then run a set of trials in which the RV
data are resampled with replacement at the times of observa-
tion, a planet signal with period and semi-amplitude fixed and
the other orbital parameters randomized is injected, and the re-
duced chi-squared of a flat-line fit to these simulated data is mea-
sured. If the chi-squared statistic has increased with three-sigma
significance in 99 out of 100 trials at a given period and velocity
semi-amplitude, we consider such a planet signal to be excluded
based on its inconsistency with the scatter in the actual RVs. We
run this trial until upper limits on planet presence are found for
all of the periods in a log-sampled grid. The results rule out the
presence of gas giants within a 1000-day orbital period, leaving
open the possibility of inner terrestrial planets (Figure 2).

Table 1. Best-fit parameters and uncertainties for HIP11915b.

Parameter Value Uncertainty
P [days] 3830 150
K [m s�1] 12.9 0.8
e 0.10 0.07
! + M0 [rad] 3.0 1.3
! - M0 [rad] 2.4 0.1
↵ [m s�1 (unit S HK)�1] 160 60
C [m s�1] -11.0 1.3
�J [m s�1] 1.8 0.4
mp sin(i) [MJup] 0.99 0.06 1

a [AU] 4.8 0.1 1

RMS [m s�1] 2.9

Fig. 2. Exclusion limits on potential planets in the RV data after subtrac-
tion of the Keplerian signal. Any signal in the parameter space located
above the lines plotted would have induced a larger scatter in the RV
residuals with three-sigma significance if present. Potential trends with
activity indicators were not removed for this test to avoid underestimat-
ing the RV scatter.

3.2. Alternative model choices

It is not obvious from theory that the Keplerian + S HK correla-
tion model used above should be the best model choice. Other
activity indicators exist and have been used with success to re-
move activity trends from RVs in the past. Chief among these are
BIS and FWHM, both characteristics derived from the RV cross-
correlation function (CCF) which measure the average spectral
line asymmetry and/or broadening at the epoch of the observa-
tion (see, e.g., Queloz et al. 2001, 2009). Either BIS or FWHM
could potentially be used in place of S HK . Also, because these in-
dicators arise from distortions to the rotationally broadened stel-
lar absorption lines while S HK probes chromospheric emission,
we could combine S HK with a CCF-derived measurement to si-
multaneously track two separate physical indicators of activity.

We considered several alternative models before settling on
the Keplerian + S HK model as the best choice. A summary of the
models tried is given in Table 2. In all cases, the fitting was done
with an MCMC as described above. The inclusion of a Keplerian
signal is strongly justified, with the Keplerian + S HK fit having
a false alarm probability on the order of 10�15 compared to the
best fitting activity model (S HK + FWHM). While the lowest �2

value is obtained for the fit to a Keplerian, S HK , and FWHM, the
addition of the FWHM term is not fully justified by the reduc-
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Fig. 1. Best-fit orbital solution for HIP11915b. Data points are the ob-
served RVs with o↵set and S HK correlation terms subtracted. One resid-
ual point is located outside of the plot range, as denoted by the arrow.

median-subtracted S HK values (or any other correlations used in
the model; see Section 3.2).

All of the fit parameters were given uniform priors except for
P and K, which were sampled in log-space with a log-uniform
prior. We ran five parallel chains and used the requirement of
a Gelman-Rubin test statistic below 1.01 for all parameters to
avoid non-convergence (Gelman & Rubin 1992). The best-fit or-
bital solution, plotted in Figure 1, corresponds to an approxi-
mately Jupiter-mass planet on a 10-year orbit with eccentricity
consistent with zero (see Table 1). As seen in the MCMC pos-
terior distributions (Figure 5), the chief source of uncertainty in
the period measurement is in its degeneracy with eccentricity
and the associated argument of periapse, parameters that are in-
evitably poorly constrained when only one orbit has been ob-
served. The best-fit jitter term is consistent with the predicted
stellar jitter of 2.1 m s�1 from the formula of Wright (2005).

After subtracting the best-fit planet signal, we searched for
additional signals in the residuals with a generalized Lomb-
Scargle periodogram analysis (Zechmeister & Kürster 2009). No
significant periodicities were identified in the residuals to the
planet fit or in the residuals to the planet and the fitted S HK trend.
We place constraints on the presence of additional planets in the
system using a test based on the bootstrapping and injection of
a planet signal into the residuals. For this test, we use the resid-
uals to the planet fit only, and inflate the error bars (with jitter
included) such that a flat-line fit to the residuals gives a reduced
chi-squared of one. We then run a set of trials in which the RV
data are resampled with replacement at the times of observa-
tion, a planet signal with period and semi-amplitude fixed and
the other orbital parameters randomized is injected, and the re-
duced chi-squared of a flat-line fit to these simulated data is mea-
sured. If the chi-squared statistic has increased with three-sigma
significance in 99 out of 100 trials at a given period and velocity
semi-amplitude, we consider such a planet signal to be excluded
based on its inconsistency with the scatter in the actual RVs. We
run this trial until upper limits on planet presence are found for
all of the periods in a log-sampled grid. The results rule out the
presence of gas giants within a 1000-day orbital period, leaving
open the possibility of inner terrestrial planets (Figure 2).

Table 1. Best-fit parameters and uncertainties for HIP11915b.

Parameter Value Uncertainty
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Fig. 2. Exclusion limits on potential planets in the RV data after subtrac-
tion of the Keplerian signal. Any signal in the parameter space located
above the lines plotted would have induced a larger scatter in the RV
residuals with three-sigma significance if present. Potential trends with
activity indicators were not removed for this test to avoid underestimat-
ing the RV scatter.

3.2. Alternative model choices

It is not obvious from theory that the Keplerian + S HK correla-
tion model used above should be the best model choice. Other
activity indicators exist and have been used with success to re-
move activity trends from RVs in the past. Chief among these are
BIS and FWHM, both characteristics derived from the RV cross-
correlation function (CCF) which measure the average spectral
line asymmetry and/or broadening at the epoch of the observa-
tion (see, e.g., Queloz et al. 2001, 2009). Either BIS or FWHM
could potentially be used in place of S HK . Also, because these in-
dicators arise from distortions to the rotationally broadened stel-
lar absorption lines while S HK probes chromospheric emission,
we could combine S HK with a CCF-derived measurement to si-
multaneously track two separate physical indicators of activity.

We considered several alternative models before settling on
the Keplerian + S HK model as the best choice. A summary of the
models tried is given in Table 2. In all cases, the fitting was done
with an MCMC as described above. The inclusion of a Keplerian
signal is strongly justified, with the Keplerian + S HK fit having
a false alarm probability on the order of 10�15 compared to the
best fitting activity model (S HK + FWHM). While the lowest �2

value is obtained for the fit to a Keplerian, S HK , and FWHM, the
addition of the FWHM term is not fully justified by the reduc-

Article number, page 3 of 8

year�

JD�

R
V  
(m
  s
-‐‑‒1
)�

O
-‐‑‒C
  (
m
  s
-‐‑‒1
)�

Table  1  orbital  parameters  of  HIP11915b�

Bedell et al.: The Solar Twin Planet Search

Fig. 3. Correlations for the activity tracers S HK , BIS, and FWHM with radial velocity. The upper panels shows the observed RVs. The lower panels
show the residuals to the 3800-day signal fit (as presented in Section 3.1). Dashed lines are linear least-squares best fits to the data.

Fig. 4. Evolution of the activity indices S HK , BIS, and FWHM with time. Errors on BIS and FWHM are approximated as the errors on the RVs.
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Figure 5. Detection FAPs versus number of observation epochs for habitable zone planets orbiting M = 0.1 M⊙ (squares connected by solid/red lines)
0.2 M⊙ (circles connected by dashed/green lines) and 0.5 M⊙ (triangles connected by dotted/blue lines) stars. The five curves for each stellar mass represent
planetary masses of 20, 10, 5, 2 and 1 M⊕ decreasing in a left-to-right sense (labelled for the 0.5 M⊙ curves). The horizontal line indicates the 1 per cent FAP
(FAP = 0.01) with the grey region representing undetected planets. All points with FAP < 0.01 are considered as detections of the planet. The plots are for
activity model 2 with v sin i = 2 km s−1, instrumental precision = 1.5 m s−1 and with starspot contrast ratios of Ts = 0.65Tp (high contrast) on the left and
Ts = Tp − 200 K (low contrast) on the right.

Figure 6. As for Fig. 5 for activity models 2 (top) and 4 (bottom) with v sin i = 5 km s−1 (instrumental precision = 2 km s−1).

a planetary signature decreases with increasing v sin i and stellar
activity level.

Fig. 5 represents our low v sin i and activity (model 2 – active so-
lar analogue) level. Since both models 1 and 2 exhibit significantly
<1 m s−1 starspot jitter (see Fig. 3) with v sin i = 2 km s−1, we illus-
trate the results for model 2 only since Reiners et al. (2010) predict
that the highest precision achievable in the Y band with v sin i =
2 km s−1 is ∼1.5 m s−1. The precision therefore dominates the noise
in this scenario rather than the starspot jitter. As few as 20–30
epochs of observations are required to detect ≤2 M⊕ planet orbit-
ing a 0.1 M⊙ star, while 50 epochs are required to detect a 1 M⊕
planet. However for a 0.5 M⊙ star, 500 epochs are required to de-

tect a 1 M⊕ planet. Obtaining such a large number of observations
is unlikely to be feasible, at least with limited telescope alloca-
tions and a sufficiently large target sample. There is little difference
between the low- and high-contrast scenarios, again because all
starspot-induced jitter is well below the achievable precision level.

Fig. 6 illustrates results for v sin i = 5 km s−1 and two different
activity models (models 2 and 4 – with up to 9 per cent spot fill-
ing). In this instance, for model 2, the changes are slight compared
with the preceding case where v sin i = 2 km s−1. This observation
illustrates a further important limitation to precision, namely the
instrumental resolution. A greater degree of spottedness is required
(i.e. model 4 cases in Fig. 6) before a noticeable change in detection
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Impact to RV planet searches�
¤  Simulation to search for Earth-

mass planets 
¤  Modeling of stellar surface 

¤  Calculate noise on the RVs 

¤  Calculate number of obs. 

¤  Strategy for Earth-Mass planets 
¤  Precise RV measurements 

¤  Precision of ~1m/s 

¤  Reduce stellar noise 

¤  Careful sample selection 

¤  Estimate stellar noise 

¤  Observe many sample  

¤  High signal noise ratio 

¤  Effective observations 
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Table 1. Tabulation of the input parameters to the lognormal size distribution of starspots given by equation (1). The parameters
derived by Bogdan et al. (1988) for the Sun are data sets 1 and 2, and those calculated by Solanki (1999) for active stars are data sets
3–6 (A 1/2⊙ ≡ 2πR2⊙). The spot filling is determined directly from DOTS and differs from the umbral spot coverage since we also
include penumbral regions. The spot coverage and filling are the same for models 1 and 2 since the spot sizes are close to the pixel
resolution in these cases. R′

HK values corresponding to the solar min and max cases are given (Lagrange et al. 2010) and the upper
limit for starspot coverage derived from TiO studies (e.g. O’Neal et al. 1998) is indicated.

Model 1 2 3 4 5 6

σA(× 10−6 A 1/2⊙) 3.8 5.0 6.8 9.2 12.2 15.8
(d N/d A)max 5 25 65 125 205 305
Umbral spot coverage 0.03 per cent 0.3 per cent 1.6 per cent 6.1 per cent 18 per cent 48 per cent
Total spot filling 0.03 per cent 0.3 per cent 1.9 per cent 9.0 per cent 29.5 per cent 62.4 per cent

Solar: Min Max
R′

HK : −5.0 −4.85 –> TiO obsns.

Table 2. Simulated stellar mass, photospheric temperature, Tp, spot temperatures Ts1 = 0.65Tp (to the nearest 50 K) and Ts2 =
Tp − 200 K. Also tabulated are the periods of orbiting habitable zone planets for each stellar mass and the stellar RV amplitudes
induced by orbiting planets of mass 1, 2, 5, 10 and 20 M⊕.

Stellar mass Tp Ts1 Ts2 PPlanet K∗ for planet masses of
1 M⊕ 2 M⊕ 5 M⊕ 10 M⊕ 20 M⊕

(M⊙) (K) (K) (K) (d) (m s−1)

0.1 2750 1800 2550 4.96 1.74 3.48 8.69 17.41 34.76
0.2 3250 2100 3050 13.02 0.79 1.59 3.97 7.94 15.87
0.5 3750 2450 3550 35.6 0.31 0.62 1.54 3.08 6.16

Figure 1. The distribution of spots for models 1 (top left) to 6 (bottom right) for an M dwarf. Models 1 and 2 are analogous to solar min and solar max activity
levels while model 3 represents a high solar activity case. Models 4 to 6 are included for completeness (see Table 1).

outperform the infrared bands despite much lower flux. As we shall
see in the next section, the main advantage of observing at infrared
wavelengths is the reduction in starspot-induced jitter. For the fol-
lowing simulations, we therefore focus on the Y band which appears
to offer the best chances of detecting low-amplitude signatures that
may arise from the reflex motion of orbiting planets.

3.2 Relative visible and near-infrared spot induced amplitudes

We first investigate the effect of contrast variations on the amplitude
of the RVs. Observations made at two different wavelengths, the V-
and Y-band regions (centred at 5450 and 10 350 Å, respectively), are
simulated. We begin by placing a single spot with radius 10◦ on the
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Table 1. Tabulation of the input parameters to the lognormal size distribution of starspots given by equation (1). The parameters
derived by Bogdan et al. (1988) for the Sun are data sets 1 and 2, and those calculated by Solanki (1999) for active stars are data sets
3–6 (A 1/2⊙ ≡ 2πR2⊙). The spot filling is determined directly from DOTS and differs from the umbral spot coverage since we also
include penumbral regions. The spot coverage and filling are the same for models 1 and 2 since the spot sizes are close to the pixel
resolution in these cases. R′

HK values corresponding to the solar min and max cases are given (Lagrange et al. 2010) and the upper
limit for starspot coverage derived from TiO studies (e.g. O’Neal et al. 1998) is indicated.

Model 1 2 3 4 5 6

σA(× 10−6 A 1/2⊙) 3.8 5.0 6.8 9.2 12.2 15.8
(d N/d A)max 5 25 65 125 205 305
Umbral spot coverage 0.03 per cent 0.3 per cent 1.6 per cent 6.1 per cent 18 per cent 48 per cent
Total spot filling 0.03 per cent 0.3 per cent 1.9 per cent 9.0 per cent 29.5 per cent 62.4 per cent

Solar: Min Max
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Table 2. Simulated stellar mass, photospheric temperature, Tp, spot temperatures Ts1 = 0.65Tp (to the nearest 50 K) and Ts2 =
Tp − 200 K. Also tabulated are the periods of orbiting habitable zone planets for each stellar mass and the stellar RV amplitudes
induced by orbiting planets of mass 1, 2, 5, 10 and 20 M⊕.

Stellar mass Tp Ts1 Ts2 PPlanet K∗ for planet masses of
1 M⊕ 2 M⊕ 5 M⊕ 10 M⊕ 20 M⊕

(M⊙) (K) (K) (K) (d) (m s−1)

0.1 2750 1800 2550 4.96 1.74 3.48 8.69 17.41 34.76
0.2 3250 2100 3050 13.02 0.79 1.59 3.97 7.94 15.87
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Figure 1. The distribution of spots for models 1 (top left) to 6 (bottom right) for an M dwarf. Models 1 and 2 are analogous to solar min and solar max activity
levels while model 3 represents a high solar activity case. Models 4 to 6 are included for completeness (see Table 1).

outperform the infrared bands despite much lower flux. As we shall
see in the next section, the main advantage of observing at infrared
wavelengths is the reduction in starspot-induced jitter. For the fol-
lowing simulations, we therefore focus on the Y band which appears
to offer the best chances of detecting low-amplitude signatures that
may arise from the reflex motion of orbiting planets.

3.2 Relative visible and near-infrared spot induced amplitudes

We first investigate the effect of contrast variations on the amplitude
of the RVs. Observations made at two different wavelengths, the V-
and Y-band regions (centred at 5450 and 10 350 Å, respectively), are
simulated. We begin by placing a single spot with radius 10◦ on the
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Observations of RVs and activity 
¤ RV：Shifts of absorption lines 

¤  change by activity and planets 

¤ Activity index：SHK , log(R’
HK) etc 

¤  Able to use chromospheric line SHK 
¤  Other indicators（BIS, FWHM, Vspan, biGaussian)  

¤  Queloz et al. 2001; Boisse et al. 2011; Figueira et al. 2013  

¤  Check chromospheric lines in the infrared also 
¤  correlation of activity index in Optical and Infrared 

¤ Line profile on cross-correlation 
¤  Bisector inverse span (BIS)：position spots 
¤  Full Width at Half Maximum (FWHM)：size of spots? 

¤  Transit method by Kepler and TESS also have some impacts.  
10�

Fit  activity  by  indies  &  collect  activity  from  RV  variation�
è Aim  to  detect  low-‐‑‒mass  planets�
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derived by Bogdan et al. (1988) for the Sun are data sets 1 and 2, and those calculated by Solanki (1999) for active stars are data sets
3–6 (A 1/2⊙ ≡ 2πR2⊙). The spot filling is determined directly from DOTS and differs from the umbral spot coverage since we also
include penumbral regions. The spot coverage and filling are the same for models 1 and 2 since the spot sizes are close to the pixel
resolution in these cases. R′

HK values corresponding to the solar min and max cases are given (Lagrange et al. 2010) and the upper
limit for starspot coverage derived from TiO studies (e.g. O’Neal et al. 1998) is indicated.
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σA(× 10−6 A 1/2⊙) 3.8 5.0 6.8 9.2 12.2 15.8
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Table 2. Simulated stellar mass, photospheric temperature, Tp, spot temperatures Ts1 = 0.65Tp (to the nearest 50 K) and Ts2 =
Tp − 200 K. Also tabulated are the periods of orbiting habitable zone planets for each stellar mass and the stellar RV amplitudes
induced by orbiting planets of mass 1, 2, 5, 10 and 20 M⊕.
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Figure 1. The distribution of spots for models 1 (top left) to 6 (bottom right) for an M dwarf. Models 1 and 2 are analogous to solar min and solar max activity
levels while model 3 represents a high solar activity case. Models 4 to 6 are included for completeness (see Table 1).

outperform the infrared bands despite much lower flux. As we shall
see in the next section, the main advantage of observing at infrared
wavelengths is the reduction in starspot-induced jitter. For the fol-
lowing simulations, we therefore focus on the Y band which appears
to offer the best chances of detecting low-amplitude signatures that
may arise from the reflex motion of orbiting planets.

3.2 Relative visible and near-infrared spot induced amplitudes

We first investigate the effect of contrast variations on the amplitude
of the RVs. Observations made at two different wavelengths, the V-
and Y-band regions (centred at 5450 and 10 350 Å, respectively), are
simulated. We begin by placing a single spot with radius 10◦ on the
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Fig. 1. Selected regions of the composite spectra of HD 166435 (solid line). For comparison, a solar integrated spectrum
(Kurucz et al. 1984) with the same resolution has been superimposed (hatched line). Upper panel Ca II H line. An emission
feature is clearly visible in the core of the line. Lower panel Region of the Li7 line at 6708 Å. The solar spectrum is slightly
offset upwards for display purpose. No strong Li7 feature is detected in the HD166435 spectrum. Notice in both figures the
larger line broadening of HD 166435 compared to the Sun.

Fig. 2. Phase diagram of the radial-velocity data with a period
of 3.7987 day. A binary model is superimposed on the data
(solid line). See text for details.

motion of this confirmed planet in close orbit produces si-
nusoidal reflex motion. As expected, no significant phase

changes can be seen in the 51Peg data (Fig. 4, bottom
panel). Interestingly, the random phase changes in the ra-
dial velocities from HD 166435, while signifcantly larger
than in 51Peg, are not so large as to prevent their reason-
ably good description by a sinuosidal model of the whole
two-year data set.

The detection of significant phase shifts in the
HD 166435 radial velocities explains the high rms
(28m s−1) of the residuals to the planet model fit in Fig. 2.
We also examined the amplitude K of the fits and their
zero levels V0 for similar changes with the same technique.
No significant change of the K amplitude was detected for
either star. The V0 values for HD 166435 exhibited small
variations that are probably related to line-profile varia-
tions (see below).

2.2. Line profile and bisector analysis

The radial velocity of a star is defined to be the velocity
of the center of mass of the star along our line of sight.
However, the observational determination of a star’s radial
velocity is accomplished by measuring the Doppler shift
of spectral lines produced in the stellar atmosphere. If
changes occur in the star’s spectral-line profiles, the mea-
sured Doppler shifts may not correspond precisely to the
velocity of the star’s center of mass. For pulsating stars
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Fig. 5. Right: the mean CCF function of HD 166435’s spectra
constructed with a template selecting only the weak and non-
saturated lines. This profile represents the mean spectral-line
profile of the lines selected by the template. Left: the bisector
of the CCF. V0 is an arbitrary offset. Note the definition of the
boundaries for the computation of (Vt and Vb).

with the radial-velocity cycle. The amplitude of this effect
is enough to produce the observed radial-velocity signal.

To investigate further the exact relationship between
the orientation of the bisectors (bisector span) and the
radial velocity of the CCF, we plot these two parameters
in Fig. 7. A direct relationship between the two quan-
tities is clearly visible. A linear solution (Vt − Vb) =
−0.88(±0.04)Vr can be fit with a 27m s−1 rms. Thus, the
results of our line-profile analysis of HD 166435’s CCFs
provide strong evidence that the radial-velocity variations
originate in the stellar atmosphere and not from reflex
motion of the whole star.

3. Photometry

The Hipparcos catalogue lists 144 photometric measure-
ments of HD 166435 acquired between 1990 January and
1993 March and identifies the star as an “unsolved” vari-
able with a range of 0.05 mag (Perryman et al. 1997). Our
periodogram analysis of the Hipparcos photometry con-
firms the lack of periodicity, particularly near the radial-
velocity period. This is what led us initially to suspect
that our observed radial-velocity variations might be due
to the presence of a planet in an orbit similar to that of
the companion of 51 Pegasi (Mayor & Queloz 1995).

Thus, shortly after the detection of the periodicity
in the radial-velocity signal, we began photometric ob-
servations of HD 166435 with the T8 0.80m automatic
photoelectric telescope (APT) at Fairborn Observatory in

Fig. 6. Individual bisectors for two sets of spectra selected at
opposite phases of the radial-velocity cycle. a) Spectra mea-
sured at φ = 0.0 ± 0.1. b) Spectra measured at φ = 0.5 ± 0.1.
The hatched line illustrates the mean bisector computed by
averaging all spectra.

Arizona to search for possible transits of the companion
across the disk of the star. We acquired 326 Strömgren b
and y observations with a two-channel precision photome-
ter on the APT between 1998 June and 2000 June. The
observations were reduced differentially with respect to
the comparison star 99 Her (HR 6775, HD165908, F7V),
corrected for atmospheric extinction with nightly extinc-
tion coefficients, and transformed to the Strömgren sys-
tem. External precision of a single observation with the
0.80 m APT averages 0.0011 mag. Further details of the
automatic-telescope operations and data-reduction proce-
dures can be found in Henry (1999). The individual pho-
tometric observations are available on the Tennessee State
University Automated Astronomy Group web site1.

Periodogram analysis of the entire set of 326 ob-
servations taken together reveals a photometric pe-
riod of 3.7995 ± 0.0005d. Thus, the photometric and
radial-velocity periods agree within their respective
uncertainties.

For our photometric analysis we adopt, as refer-
ence, the radial-velocity period of 3.7987-day and T0 =
2 450 996.5, the radial-velocity maximum of the best-fit
sine-curve model. The photometric observations are di-
vided into five groups as shown in Table 1, where we give
the results of least-squares, sine-curve fits on the radial-
velocity period to the five Strömgren y data sets. We
also list the periods derived from the five individual data

1 http://schwab.tsuniv.edu/t8/hd166435/hd166435.html
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InfraRed Doppler survey of M dwarfs�
  Amplitude of RV variations 　 　 　 　 　 　
＆  ＆  Habitable zone（HZ） 

¤  Larger amplitude on RV variations 
¤  able to detect 1MEarth Planets 

¤  HZ in closer-in orbits（<0.3AU）�

 Properties of M dwarfs： 　 　 　 　 　 　 　 　
＆Flux peak in near Infrared�

¤  Bright in near-Infrared  
¤  IR Doppler most powerful tools 

¤  Many stars in the solar neighborhood 
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Current results: HZ Earth-like planets�
¤  Planets detected by 

Doppler method 
¤  Around late-type stars 
¤  Planetary mass > 3.8 

Earth mass 

¤  Planet detected by 
Kepler planets 

¤  Very far from Earth 
¤  Difficult to have 

follow-up obs. 
¤  not determine 

planetary mass 

1．Can not find any Earth-like planets in solar neighborhood 
2．Too small number of planets for statistical understanding 

0.1-10 Earth Masses or 0.5-2.0 Earth Radii in the Habitable zone 
�

Name� Mass（Earth） Radius（Earth）� Temperature（K) � Period（days）� Distance（light yr）�
Kepler-438 b � 4.0 - 1.3 - 0.6� 1.1� 276 � 35.2� 473 �
Kepler-296 e� 12.5 - 3.3 - 1.4� 1.5� 267 � 34.1� 1692 �
GJ 667C c� 3.8� 1.1 - 1.5 - 2.0� 247 � 28.1� 24 �

Kepler-442 b � 8.2 - 2.3 - 1.0� 1.3� 233 � 112.3� 1115 �



InfraRed Doppler Project�
¤  What is IRD? 

¤  near infrared high dispersion 
spectrograph for the Subaru telescope  

¤  For Exoplanet searches by the Doppler 
technique 

¤  Main goals of IRD 
¤  Discoveries of Earth-mass planets 

around nearby M type dwarfs 
¤  M dwarfs, characterization of 

exoplanet’s atmospheres, etc. 

¤  Uniqueness of IRD 
¤  Wide Wavelength coverage：

 0.97-1.75um （Y, J, H–band） 
¤  Resolution： 70,000 (high resolution) 
¤  Calibration： Laser frequency comb 
¤  RV precision ~ 1m/s  

è  Can detect Earth-Mass planets in 
HZ around late-M dwarfs�



Overview of IRD instrument�
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IRD survey :             ANALYSIS �
¤  NIR High dispersion spectroscopy 

¤  Stellar spectra + wavelength reference 

¤  Radial velocity measurements 
¤  Fit models to Observations automatically 

¤  RV is a parameter of the fit 

Take spectra of comb (wavelength  
reference) and stars simultaneously  

Comb �

Simultaneous reference method �
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IRD survey :           CONCEPT�

Main  scientific  goals  of  IRD/Subaru  planet  search  �
1.  First discovery of Earth-mass planets in habitable zone 
2.  Statistical understanding of Earth-mass planets around low-mass stars 

Late-M type dwarfs（mainly M4-M7、0.1-0.3 MSun）    �

Difficult to detect Earth-mass planet around solar-type stars 

¤  A large number of sample stars in solar neighborhood 

¤  Easier to detect Earth-Mass planets in Habitable zone (HZ) 
¤  large amplitude (K=0.5-2m/s) and short period (P<40days) 
¤  A flux peak of the stars is in infrared  è  High efficiency 

¤  Only an IRD survey is reachable to Earth-like planets 
¤  Subaru can observe faint low-mass stars with 1 m/s 
¤  Probability of a transit is higher than solar type stars 



IRD survey :     DOPPLER SURVEYS �
¤ Survey 0 : Screening Doppler survey 

¤  sample : <150 late-M stars (<11.0 mag, 0.1-0.3 MSUN) 
¤  strategy :  ~4 RV observations for each star 

 

¤ Survey 1 : QUICK and FREQUENT Doppler survey in FIRST yr 
¤  sample  : ~30 Brightest Low-mass stars (<9.0 mag, 0.1-0.2MSUN) 
¤  strategy : >80 RVs/star in ONE year 

¤ Survey 2 : NORMAL Doppler survey from second year�
¤  sample : ~70, ~9-11 mag, 0.1-0.3 MSUN 

¤  strategy : >50 (>0.2MSUN) or 80 (<0.2MSUN) RVs/star for 2-4 yrs 

¤  Additional Survey : TRANSIT survey of IRD-detected planets  
¤  By ground-base facilities (OAO, IRSF etc.) and the TESS satellite 



IRD survey :   OBSERVATION PLAN�
¤ An intensive Doppler (Radial velocity) survey  

¤ Start in 2017 
¤ Number of requested nights  

¤ 170 nights 
¤ Survey period : 5 years  

¤ Subaru Strategic Program 
¤ Number of observations 

¤ ~80 times, SNR >100 

¤ Requested Schedule 
¤ mainly bright nights 
¤ ≤ 70 half nights/year 
¤ 0.5 nights x 7times x 9-10 runs / year 
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IRD survey :  DETECTABLE PLANETS�
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Habitable Zone 
M=0.2Msun� Goal of our IRD survey 

  1. Earth-like planets in HZ : N>10 
  2. Short period planets N > 50 

Nplanets ~  52 
NEarth@HZ  ~ 10�

●：Detection rate�

Simulation 
▲：Gas 
■：ICE 
●：Rocky 
Pop. synthesis 
by Hori, Y et al. �

Expected number 
Jupiter-mass  :    4 
Neptune-mass  :    7 
Super-Earth   :  13 
Earth-mass   :  28 



IRD survey :        BRIEF SUMMARY�
¤  IRD : InfraRed Doppler instrument for the Subaru telescope 

¤  Wavelength coverage : 0.97-1.75um (Y, J, H-band) 

¤  Wavelength Resolution : R ~ 70,000 (max) 

¤  Wavelength Calibration : Laser Frequency comb 

¤  Radial velocity precision : ~1 m/s 

¤  DOPPLER SURVEY : START in 2017, END in 2022 with SSP 
¤  FIRST light of IRD :  Summer 2016 

¤  TARGETS :  ~100 Late-M dwarfs (M4-M7) 
¤  nearby Low-mass stars : 0.1-0.3 MSUN , <25pc 

¤  Inactive old stars : >Gyr, No Hα emission 

¤  GOALS :  >50 planets& >10 Earth-like planets in the Habitable zone 
¤  Because of small sizes of host stars and small semimajor-axis of planets  

in HZ, probability of a transit is high and make their characterization. 



IRD’s  unique planetary science �

¤ Earth-Mass planets around Late-M dwarfs  

¤ Characterization of exoplanets 

¤ Confirmation of transiting planets 

¤ Planets around Young stars w/ and w/o disks 

¤ Planets around Brown dwarfs 

 　 　                    　 　 　 　 　 many other ideas… 



Part 3   To search for stable stars�



IRD survey :            STRATEGY�

1.   Careful sample selection 
¤  Stars with low stellar noise in RV variation 

¤  Stars which can achieve RV precision of ~1 m/s 

2.  High cadence and frequency Doppler survey 
¤  To cut stellar noise and instrumental systematic noise 

¤  To make observing period shorter 

3.  Simultaneous RV & activity diagnostic Analysis 
¤  To verify RV modulation caused by stellar activity 



IRD survey :     SAMPLE CRITERIA�

u Stars with observed parallax and magnitude 
u known other basic parameters 

u Suitable stars for precise Doppler survey  
u Stars with precise Doppler measurements 

è Small vsini and late-type M dwarfs 
è Rotation、Vsini、spectral type  

u  Star with Small stellar jitters in RV variation 
è Late-M with weak stellar activity  

è XUV、Hα emission、rotation period 
u Toward scientific goals 

u low-mass stars、single 　etc. 
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velocity amplitudes for our simulated 0.2 M⊙ star in low-contrast
scenarios.

Our results in Fig. 2 are in close agreement with those presented
in Reiners et al. (2010). A marked difference between the change in
RV-induced jitter as a function of wavelength is seen when moving
from their ‘toy’ model results of fig. 11 to the model atmosphere
results (analogous to our results) of fig. 12. When comparing KV/KY ,
Reiners et al. (2010) find an approximate decrease in the starspot-
induced jitter of ∼two and ∼five times for Tp = 3700 and 2800 K,
respectively, with Tp − Ts = 200 K. We similarly find starspot-
induced jitter ratios of ∼5 and ∼6 for Tp = 3750 and 2750 K,
respectively, with Tp − Ts = 250 K. The discrepancies in the results
likely arise from differences in the models, the line depths used to
represent the spot and photosphere local intensities and to a smaller
degree the differences in limb-darkening models used. Nevertheless,
the results are in broadly close agreement, indicating a reduction in
RV-induced jitter in the Y band over the V band of order five for
Tp − Ts = 250 K.

Fig. 2 shows a clear advantage of observing at near-infrared wave-
lengths, when the contrast ratio between spots and photosphere
is not large. At higher contrasts, the advantage is less obvious.
Obtaining an estimate for reasonable values of Ts versus Tp is
not straightforward, but clearly has important implications for fur-
ther simulations. This issue is considered further in the following
section.

3.3 Radial velocities induced by random spot distributions

The absolute RV amplitudes depend not only on the starspot distri-
butions but also on the photosphere/spot contrast ratio. Following
Reiners et al. (2010), we have investigated two extreme scenarios
for M dwarf stars with three different masses. In Table 2, we list the
chief parameters for the simulated stars, including the photospheric
and spot temperatures.

Stars with axial inclination i = 90◦ are simulated according to the
parameters tabulated in Table 2 and for each of the six stellar models
described above. A total of 36 line profiles (i.e. every 10◦) with a
range of v sin i values of 1, 2, 5, 10, 20 and 50 km s−1 are generated
for a complete stellar rotation period. The local intensity profile used
to represent the rotation profile of a non-rotating star is a synthetic
Voigt profile with an instrumental resolution that is appropriate
(R = 70 000) for high-resolution IR spectroscopy (e.g. Jones et al.
2009).

Fig. 3 plots the starspot-induced rms RV variation for each spot
model (introduced in Section 2.2) and v sin i value. The pairs of
values for each stellar mass of 0.1, 0.2 and 0.5 (points connected
by lines in Fig. 3) represent the Ts1 = 0.65Tp (greater rms RV)
and Ts2 = Tp − 200 K (lesser rms RV). As expected, there is little
variation due to the stellar mass for the Ts1 = 0.65Tp point since
the relative contrast ratio is unchanged. The lower point in each
case shows more variation for a given model since the ratio Ts2 =
Tp − 200 K is not fixed. Moreover, for the Tp/Ts combination of
3250 K/3050 K, we see that the RV variation is between 1.5 and 6
times larger than for the corresponding 3750 K/3550 K case. This
difference is due to the effects discussed in the Section 3.2, where
the equivalent width of the lines grows for temperatures close to,
but below 3250 K. The large range in factors of between 1.5 and 6 is
likely due to the spot sizes and number that define each model and
their relationship with the Doppler/spatial resolution limit which
improves (i.e. smaller spots resolved) with increasing v sin i. This
will ensure that for low-contrast spots on our 0.2 M⊙ model, the
starspot jitter will be greater than for the 0.1 and 0.5 M⊙ models.

Figure 3. The Y-band rms RV variation for each of the six simulated spot
models. Pairs of values (connected by a line) are shown for each stellar mass
(0.1, 0.2 and 0.5 M⊙ cases are labelled for model 2) and stellar v sin i values
of 1, 2, 5, 10, 20 and 50 km s−1. Each pair of values represents the upper
and lower variation for the two extreme Fp/Fs contrasts listed in Table 2.

For model 1, with v sin i = 2 km s (i.e. a slow rotator analogous to
the Sun) the approximate range of velocities (considering all three
stellar masses) for the two Tp/Ts extremes are ∼2–6 cm s−1, while
for model 2 the range of observed values is ∼4 cm s−1–27 m s−1.
This is an order of magnitude smaller than the values observed for
the Sun by Lagrange et al. (2010) which show equivalent RV jitter
of solar minimum and maximum periods of up to 0.6 and 2 m s−1,
respectively. The reduction in contrast ratio in the optical versus the
infrared, and the fact that spots may appear at all latitudes, act to
reduce the simulated RV jitter for models 1 and 2. This latter point
is important since placing only a few small spots randomly at all
latitudes, as opposed to restricting them to solar-like low-latitude
bands may lead to significant reductions in the measured jitter (i.e.
spots at low latitude induce the greatest jitter). By the time a star
reaches v sin i = 10 km s−1, we find rms velocities of ∼4–38 cm s−1

and ∼17 cm s−1–1.9 m s−1 for models 1 and 2, respectively. Clearly,
the solar minimum and solar maximum analogue cases (models 1
and 2) will enable the greatest possibility of detecting lower mass
planets since they yield the lowest rms RV variations. As expected,
the rms jitter peaks at model 6 which corresponds to a star with a
62.4 per cent starspot filling fraction.

For those early M dwarfs that are fast rotators, the spot sizes
derived from Doppler images (Barnes & Collier Cameron 2001;
Barnes et al. 2004) are much larger than is seen for the Sun. It is
not clear however whether the spots seen in Doppler images are
actual individual spots or indeed unresolved spot groups. Indeed
if we take model 6 and reconstruct the surface spot distribution
for a moderately rotating case, we derive images resembling the
Doppler images of Barnes & Collier Cameron (2001) and Barnes
et al. (2004). We have also investigated the effect of larger spots on
the RVs by scaling the sizes used for models 1–6 by factors of 2,
5 and 10. In other words, a model identical to each of those shown
in Fig. 1 was created, but with all spots scaled up in radius. The
starspot-induced rms jitter maximum in Fig. 3 is found to increase
by a factor of ∼2 for a spot size scalefactor of 10. The main effect
however is a change in the model number at which the peak jitter
occurs. For scalefactor 2, the rms jitter is less peaked for model
6 when compared with model 5. For scalefactor 5, a peak occurs
between models 3 and 4, while the peak is at model 3 by scalefactor

C⃝ 2011 The Authors, MNRAS 412, 1599–1610
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Simulation of RV jitter by spots�

Spot model and rotation and RV jitter  
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Because of low stellar mass & small values of RV jitter,   
requested number of RV observations for detections  
of Earth-mass planets in habitable zone is small. 
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which can detect Earth mass planets  

Barnes+2011 Vsini=2km/s, RVerror =1.2m/s   
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Table 1. Tabulation of the input parameters to the lognormal size distribution of starspots given by equation (1). The parameters
derived by Bogdan et al. (1988) for the Sun are data sets 1 and 2, and those calculated by Solanki (1999) for active stars are data sets
3–6 (A 1/2⊙ ≡ 2πR2⊙). The spot filling is determined directly from DOTS and differs from the umbral spot coverage since we also
include penumbral regions. The spot coverage and filling are the same for models 1 and 2 since the spot sizes are close to the pixel
resolution in these cases. R′

HK values corresponding to the solar min and max cases are given (Lagrange et al. 2010) and the upper
limit for starspot coverage derived from TiO studies (e.g. O’Neal et al. 1998) is indicated.

Model 1 2 3 4 5 6

σA(× 10−6 A 1/2⊙) 3.8 5.0 6.8 9.2 12.2 15.8
(d N/d A)max 5 25 65 125 205 305
Umbral spot coverage 0.03 per cent 0.3 per cent 1.6 per cent 6.1 per cent 18 per cent 48 per cent
Total spot filling 0.03 per cent 0.3 per cent 1.9 per cent 9.0 per cent 29.5 per cent 62.4 per cent

Solar: Min Max
R′

HK : −5.0 −4.85 –> TiO obsns.

Table 2. Simulated stellar mass, photospheric temperature, Tp, spot temperatures Ts1 = 0.65Tp (to the nearest 50 K) and Ts2 =
Tp − 200 K. Also tabulated are the periods of orbiting habitable zone planets for each stellar mass and the stellar RV amplitudes
induced by orbiting planets of mass 1, 2, 5, 10 and 20 M⊕.

Stellar mass Tp Ts1 Ts2 PPlanet K∗ for planet masses of
1 M⊕ 2 M⊕ 5 M⊕ 10 M⊕ 20 M⊕

(M⊙) (K) (K) (K) (d) (m s−1)

0.1 2750 1800 2550 4.96 1.74 3.48 8.69 17.41 34.76
0.2 3250 2100 3050 13.02 0.79 1.59 3.97 7.94 15.87
0.5 3750 2450 3550 35.6 0.31 0.62 1.54 3.08 6.16

Figure 1. The distribution of spots for models 1 (top left) to 6 (bottom right) for an M dwarf. Models 1 and 2 are analogous to solar min and solar max activity
levels while model 3 represents a high solar activity case. Models 4 to 6 are included for completeness (see Table 1).

outperform the infrared bands despite much lower flux. As we shall
see in the next section, the main advantage of observing at infrared
wavelengths is the reduction in starspot-induced jitter. For the fol-
lowing simulations, we therefore focus on the Y band which appears
to offer the best chances of detecting low-amplitude signatures that
may arise from the reflex motion of orbiting planets.

3.2 Relative visible and near-infrared spot induced amplitudes

We first investigate the effect of contrast variations on the amplitude
of the RVs. Observations made at two different wavelengths, the V-
and Y-band regions (centred at 5450 and 10 350 Å, respectively), are
simulated. We begin by placing a single spot with radius 10◦ on the

C⃝ 2011 The Authors, MNRAS 412, 1599–1610
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Spot model 
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RV jitter �
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Figure 5. Detection FAPs versus number of observation epochs for habitable zone planets orbiting M = 0.1 M⊙ (squares connected by solid/red lines)
0.2 M⊙ (circles connected by dashed/green lines) and 0.5 M⊙ (triangles connected by dotted/blue lines) stars. The five curves for each stellar mass represent
planetary masses of 20, 10, 5, 2 and 1 M⊕ decreasing in a left-to-right sense (labelled for the 0.5 M⊙ curves). The horizontal line indicates the 1 per cent FAP
(FAP = 0.01) with the grey region representing undetected planets. All points with FAP < 0.01 are considered as detections of the planet. The plots are for
activity model 2 with v sin i = 2 km s−1, instrumental precision = 1.5 m s−1 and with starspot contrast ratios of Ts = 0.65Tp (high contrast) on the left and
Ts = Tp − 200 K (low contrast) on the right.

Figure 6. As for Fig. 5 for activity models 2 (top) and 4 (bottom) with v sin i = 5 km s−1 (instrumental precision = 2 km s−1).

a planetary signature decreases with increasing v sin i and stellar
activity level.

Fig. 5 represents our low v sin i and activity (model 2 – active so-
lar analogue) level. Since both models 1 and 2 exhibit significantly
<1 m s−1 starspot jitter (see Fig. 3) with v sin i = 2 km s−1, we illus-
trate the results for model 2 only since Reiners et al. (2010) predict
that the highest precision achievable in the Y band with v sin i =
2 km s−1 is ∼1.5 m s−1. The precision therefore dominates the noise
in this scenario rather than the starspot jitter. As few as 20–30
epochs of observations are required to detect ≤2 M⊕ planet orbit-
ing a 0.1 M⊙ star, while 50 epochs are required to detect a 1 M⊕
planet. However for a 0.5 M⊙ star, 500 epochs are required to de-

tect a 1 M⊕ planet. Obtaining such a large number of observations
is unlikely to be feasible, at least with limited telescope alloca-
tions and a sufficiently large target sample. There is little difference
between the low- and high-contrast scenarios, again because all
starspot-induced jitter is well below the achievable precision level.

Fig. 6 illustrates results for v sin i = 5 km s−1 and two different
activity models (models 2 and 4 – with up to 9 per cent spot fill-
ing). In this instance, for model 2, the changes are slight compared
with the preceding case where v sin i = 2 km s−1. This observation
illustrates a further important limitation to precision, namely the
instrumental resolution. A greater degree of spottedness is required
(i.e. model 4 cases in Fig. 6) before a noticeable change in detection
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What parameters ?�

The Astrophysical Journal, 727:56 (16pp), 2011 January 20 Irwin et al.

Figure 12. Compilation of rotation periods for low-mass stars from the literature, including the results from the present study. Plotted in each panel is rotation period
as a function of stellar mass for a single cluster, or several clusters that are close to coeval. In the case of the field star samples, we divided them into two bins for the
“young disk” and “old disk” stars, respectively, and color all the literature data gray to distinguish them from the results of the present study (in black). We plot the
“thin” population in the “young” panel and the “thick” population in the “old” panel, both as solid symbols, with the “mid” population shown in both panels using
open symbols (see the text). Measurements for field stars are from the compilation by Barnes (2001, 2003) of the rotation periods for the Mount Wilson stars from
Baliunas et al. (1996), down to ≈ 0.7 M⊙, Kiraga & Stȩpień (2007) for early M-dwarfs, and the present study for later objects. The appropriate references for each
panel are given in Table 3. All the masses for the cluster samples were computed using the I-band luminosities of the sources and the models of Baraffe et al. (1998),
assuming values of the age, distance modulus and reddening for the clusters taken from the literature. For the field stars, the Delfosse et al. (2000) mass-absolute
magnitude relations were used for M-dwarfs, and for all higher-mass stars, we converted the observed B−V colors to effective temperature using Table A5 from
Kenyon & Hartmann (1995), and then to mass using the models of Baraffe et al. (1998).

the rotation period has relatively little mass dependence imme-
diately above this mass, and appears to increase with decreasing
mass below it.

5.2. Rotational Evolution Models

Figure 13 gives an alternative presentation of the available
rotation period data for objects below 0.35 M⊙, in a way
where the evolution is more explicit, at the expense of the mass
information seen in the period versus mass plots. It is important
to bear in mind the strong mass dependence, particularly in the
open cluster samples, when trying to interpret this figure. We
have assigned ages to the MEarth sample based on the discussion
in Section 4.1, noting that in reality, there is a large spread in
age for each of the bins.

In order to model the evolution, we follow the method of
Bouvier et al. (1997). We adopt a standard wind prescription
commonly used for solar-type stars (e.g., Chaboyer et al. 1995;
Barnes & Sofia 1996), using a modified version of the Kawaler
(1988) wind law with a = 1 and n = 3/2, introducing satu-
ration of the angular velocity dependence at a critical angular

velocity ωsat:

(
dJ

dt

)

wind
=

⎧
⎪⎨

⎪⎩

−Kw ω3
(

R
R⊙

)1/2 (
M
M⊙

)−1/2
, ω < ωsat

−Kw ω ω2
sat

(
R
R⊙

)1/2 (
M
M⊙

)−1/2
, ω ! ωsat.

(3)
By coupling this wind prescription to a stellar evolution

model, here the Lyon NextGen models of Baraffe et al. (1998),
we model the full evolution of the angular velocity ω as a
function of time. This model has several free parameters. We
assume an initial angular velocity ω0, here fixed to the observed
velocities in the ONC, and this is held constant for a time τdisk
to account for disk-related angular momentum losses (“disk
locking”) on the earliest parts of the PMS. The slow and
fast rotator branches are allowed to assume different values
of both of these parameters, with the expectation that the fastest
rotators should decouple from their discs earlier than the slower
rotators. For the fully convective objects modeled here, we
treat the stars as solid bodies. The subsequent evolution is then
governed only by the two parameters Kw and ωsat, which control
the normalization of the wind losses and the saturation rate,
respectively.
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Fig. 10.— Because our Hα index is normalized to the nearby stellar continuum, variability in
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0.2� 0.8�
stellar  mass（MSun）�

0.5�

Lu
m
in
os
ity
  o
f  H
α（

L H
α/
L b
ol
）
�

For  late-‐‑‒M  dwarfs  without  detections  
in  XUV  have  weak  activity�

Robertson+2013�

Age, Activity and Rotation in M Dwarfs 177

M1 M2 M3 M4 M5 M6 M7 M8 M9
Spectral Type

0

20

40

60

80

100

N
um

be
r

All Stars (280)
Rot. Periods (168)

-2 -1 0 1 2 3 4
log[Period] (Days)

0

20

40

60

N
um

be
r

Entire Sample (168)
Late Type (> M4; 103)

Figure 1. Distribution of MEarth stars with FAST spectroscopic observations (left), including
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Figure 2. (LHα /Lbol ) as a function of rotation period for early-type (left) and late-type (right)
M dwarfs. Each data point corresponds to the mean value (of activity and rotation period) for
the stars in the bin. The vertical error bars represent the spread of the data (short bars) and
the uncertainty in the mean values (long bars).

in nearby clusters suggest that age continues to play an important role in the rotation
and magnetic activity evolution of low-mass stars (Stauffer et al. 1994).

At a spectral type of ∼M3 (0.35 M⊙; Chabrier & Baraffe 1997), stars become fully
convective, a property that may affect how magnetic field (and the resulting heating)
is generated. Despite this change, magnetic activity persists in late-type M dwarfs; the
fraction of active M dwarfs peaks around a spectral type of M7 before decreasing into
the brown dwarf regime (Hawley et al. 1996; West et al. 2004).

One method for studying stellar rotation is to use photometrically derived rotation
periods (e.g. Kiraga & Stepien 2007). Periodic signals result from brightness variations
caused by long-lived spots on the stellar surface rotating in and out of view. Recent
programs to search for transiting planets around late-type M dwarfs have produced large
catalogs of time-domain photometry from which can be gleaned several important stellar
properties, including rotation periods.

One of these transit programs, MEarth (Nutzman & Charbonnaeu 2008; Berta et al.
2012) is surveying ∼2000 nearby, late-type M dwarfs at the Fred Lawrence Whipple
Observatory (FLWO) at Mount Hopkins, Arizona using eight 0.4 m telescopes. Irwin
et al. (2011) measured the rotation periods for 41 of the MEarth M dwarfs and found
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IRD survey :         INPUT CATALOG �
¤  Declination (Dec.>0) : basic information 

¤  LSPM-North proper-motion catalog nearby stars (Lepine 2005) 

¤  Brightness (J<11.0): Exclude fainter stars and too high and low temperature stars 
¤  An All-sky catalog of Bright M Dwarfs (Lepine+2011)�
¤  simbad 

¤  Trigonometric Parallaxes (0.1-0.3MSun): Exclude high-mass (early-type) stars 
¤  LSPM-North proper-motion catalog nearby stars (Lepine 2005) 
¤  Trigonometric Parallaxes for 1,507 Nearby Mid-to-late M-dwarfs (Dittmann+2013) 

¤  Activity indicators (non Hα, X-ray, UV active) : Exclude active stars 
¤  An All-sky catalog of Bright M Dwarfs (Lepine&Gaidos 2011) �
¤  A Spectroscopic Catalog of the Brightest (J<9) M Dwarfs in the Northern Sky (Lepine

+2013) 
¤  Screening observation by ourselves (NOW) 

¤  Binarity check (single star): Exclude multiple stars 
¤  The Washington Visual Double Star Catalog (Mason+ 2001-2014)  

¤  Target check: Target list of other planet searches: 
¤  California, MacDonald, HARPS, MEarth, KOI 

 



IRD survey :             SAMPLE�
¤  sample candidate： 300 stars 

¤  J~7-11.5 mag、Mass~0.1-0.3MSun 、D<20pc 
¤  Exclude flare,  variable, XUV, Hα emission stars 



IRD survey :   PILOT OBSERVATION�
¤  To select suitable sample 

¤  Select stars with weak X-ray, UV 
¤  OAO/KOOLS observation 

¤  To check activity by   
observing Hα line 

¤  Weak Hα ≒ inactive 

¤  Check rotation and binarity etc. 
¤  single stars, vsini < 4 km s-1 

¤  Select best ~100 stars 
¤   From our observation and literatures�

Fig. Equivalent widths of Hα vs  
              Rotation velocity of late-M dwarfs 
Most of inactive stars are <4 km/s. Rapidly 
rotation stars would have strong Hα emission. 
    ×：XUV  emission  stars�
    Hα,  UV,  X：Lepine+13�
    V  sini：	 e.g.  Jenkins+09�
  dash:  5  km  s-‐‑‒1, dot-dash  :  EWHA=-‐‑‒0.75 
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IRD survey :    SAMPLE SELECTION�
¤  ~100 Late-M dwarfs with observed parallaxes for 

¤  Survey 1 : QUICK and FREQUENT Doppler survey in FIRST year (Red) 

¤  Survey 2 : NORMAL Doppler survey from second year (Blue) 

¤  Sample criteria 
¤  Declination (Dec.>0)  
¤  Brightness (J<11) 

¤  Parallaxes 

¤   0.1-0.3MSun 

¤  Activity indicators  

¤  No Hα, X-ray, UV 
¤  Excluding 

¤  visual binaries 

¤  Flare stars 
¤  Variable stars  

¤  e.g. BY-Dra Stellar mass （Solar mass）�

M
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n
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d

e
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J-
b
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）
�

○: indicate stars with known stellar activity�

Status of IRD/SSP sample selection  
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InfraRed activity indicators�
¤  Monitoring of high dispersion spectroscopy  

¤  Check chromospheric lines 
¤  He I 10830Å 
¤  Paschen series �

¤  β(12800Å),γ(10938Å),δ(10049Å) 
¤  Check magnetic field 

¤  FeH lines ＠9900Å => Zeeman effect 

¤  Line shape analysis 

¤  Correlation between Hα and Infrared  
¤  observe Hα in intermediate dispersion 

spectroscopy  

¤  Photometric monitoring �
¤  Rotation period 

We  need  to  check  correlation  between�
                infrared  and  optical  chromospheric  lines�

and (2) the structural richness of the FeH band gives a clearer sig-
nal than most other regions in the spectra do. This will be even
more important for the analysis of L dwarfs.

For LHS 3003 we are not aware of any determination of v sin i
in the literature. All other measurements are consistent with the
values we found in the literature, except for AD Leo (discussed
below). All the objects later than M6 show detectable rotation.

Vogt et al. (1983),Marcy&Chen (1992), Delfosse et al. (1998),
and Fuhrmeister et al. (2004) spectroscopicallymeasured v sin i in
AD Leo, and all report rotation of v sin i ¼ 5Y7 km s"1. We show
the best fit thatwe can achievewith a value of v sin i ¼ 6 km s"1 in
Figure 10 in the same manner as in the previous plots. For this

case, the magnetic flux we derive is diminished (only 1.8 kG in-
stead of 2.9 kG) compared to our best fit. The fit quality, however,
is worse, particularly in the Zeeman-insensitive lines at k ¼ 9950:3
and 9954.68, which are clearly too broad in the fit compared to the
data.We thus think that the projected rotation velocity of ADLeo is
around 3 km s"1, rather than 6 km s"1. We obtain similar results
from our own more careful cross-correlation analysis in selected
TiO regions. The rotation period of ADLeo has been suggested to
be 2.7 days from photometric variability (Spiesman & Hawley
1986), which would produce an equatorial rotation velocity of
around 10 km s"1 (and therefore suggest that we are viewing it at
a low inclination angle).

Fig. 6.—Top to bottom: Same as Fig. 2 for GJ 1245AB (M5.5), GJ 1286 (M5.5), and GJ 1002 (M5.5). [See the electronic edition of the Journal for a color
version of this figure.]

MAGNETIC FIELDS ON VERY LOW MASS STARS 1129No. 2, 2007
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Toward second Earths�
¤  Earth-mass planets around solar type stars by precise RV survey  

¤  Stellar jitter in infrared is lower than in optical. 

¤  To detect second Earths 

¤  We need to have large Doppler survey of FGK-type stars  

¤  Long term and high SNR 

¤  IRD is one of possible instruments attached to 8m telescope  

 

F/F’ RV Variability measured with SORCE 5

200 400 600 800 1000 1200 1400 1600
Wavelength [nm]

1

10

St
an

da
rd

 D
ev

ia
tio

n 
[m

 s
−1

]

HARPS

ESPRESSO

HPF

200 400 600 800 1000 1200 1400 1600
Wavelength [nm]

1

10

St
an

da
rd

 D
ev

ia
tio

n 
[m

 s
−1

]

HARPS

350 400 450 500 550 600 650 700
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8

St
an

da
rd

 D
ev

ia
tio

n 
[m

 s
−1

] HPF

800 900 1000 1100 1200 1300
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8
St

an
da

rd
 D

ev
ia

tio
n 

[m
 s
−1

] HPF

800 900 1000 1100 1200 1300
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8
St

an
da

rd
 D

ev
ia

tio
n 

[m
 s
−1

]

Figure 2. Top: Semi-log plot of the SSI �RV over the entire mission shown from 200-1600 nm. The grey region covers where detector
e↵ects make the data unreliable. Also shown are the wavelength regions covered by HARPS (378-691 nm), the future ESPRESSO (380-686
nm), and the future HPF (820-1400 nm). Bottom Left: Zoom in on the HARPS region in non-log space. Bottom Right: Zoom in on the
HPF covered region in non-log space.

has a lower overall magnitude than in the visible. This
data suggests that when searching for low mass planet
RV signals, the NIR will have a lower stellar RV compo-
nent. Some caveats are important in making this claim:

• The advantage of the NIR spectrographs becomes
truly important if they can reach levels of preci-
sion comparable, or not significantly worse, than
the state of the art in optical RV spectrographs.
This statement hold both for instrument limits on
RV precision as well as photon & information con-
tent limited RV precision (see Sec 7.4 for a more
detailed discussion of the latter).

• Due to the lower information content in the NIR
and red for F, G, and K stars as compared to the
remainder of the optical (Bouchy et al. 2001), NIR
instruments will have to be on larger telescopes
or be limited to studying activity on the brightest
stars to identify the smallest planets. This condi-
tion does not apply to the mid to late M dwarfs
where NIR instruments are competitive with opti-
cal spectrographs from an information content per-
spective.

• We assume observed stellar activity is magnetic ac-
tivity and is manifested by spots, faculae, promi-
nences, and flares with driving physics similar to
our Sun albeit of varying magnitudes.

7. DISCUSSION

The wealth of data from the SORCE mission, with the
F/F’ method, has permitted the estimation of the RV
variation that would be observed if we were observing
the Sun from a distant planet. The main result from
this work is that the RV variability in the NIR is less
than that in the optical for the Sun, and by proxy for
solar type stars.. We further examine our results, with a
focus on time variability, to better understand the rela-
tive contributions from the two components used in the
F/F’ method.

7.1. Components used to Estimated RV variability

The F/F’ method consists of two components to the
total estimated �RV, that from convection and from ro-
tation. The convective term is a blueshift from the up-
welling of material seen at the photosphere. The rotation
term is due to spot coverage and relies on the decreased
emission from spot regions associated with a particular
radial component of the rotational velocity. It is the
combination of these terms that the F/F’ method uses
to derive the RV variability. Figure 3 shows the total
�RV, the convective �RV, and the rotational �RV over
our entire baseline.
The top panel of Fig. 3 shows that the TSI consis-

tently estimates the lowest �RV. This is expected as ac-
tivity mechanisms influence the blue wavelengths more
than the integrated output of the Sun. The SIM and
TIM data show that the TSI changes by ⇠1.3 W m�2

while the UV (240-400nm) and visible (400-750nm) each
change by ⇠2 W m�2, though in opposite directions,
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Estimation of stellar jitter of solar type stars 

std ~ 40-50 cm/s �

HZPF/HET�ESPRESSO/VLT �

HARPS/ESO3.8 �
std ~ 20 cm/s�

IRD/Subaru �



Observation of exoplanets and activity�
¤  Stellar activity is known to be a large noise for Exoplanet searches 

¤  Rotation modulation 
¤  RV variation: Spots, pluge, and so on 

¤  Effect of the activity depends on stellar type of the star 

¤  Period of the modulation ~ rotation period 

¤  Magnetic activity 
¤  RV variation: Convection caused by magnetic activity 

¤  long-term Solar-like magnetic activity cycle 

¤  Toward Earth-mass planet, we need to select sample stars with low 
surface activity and cancel the activity of the stars 



Take home messages �
¤  IRD is only an instrument to reach to Earth-like exoplanets  

¤  by observational astronomy in the world in several years. 
¤  We can also use the instrument for other ideas. 

¤  Apply to SSP, Subaru Strategic Program and start the survey in 2017 
¤  Require 170 nights for the IRD survey for 5 yrs at the Subaru telescope   

¤  We need your support for a success of the proposal. 

 Search for Earth-like Exoplanets ! 

 Time to investigate Exo-Earths 

         and stellar activity ! 
¤  If you are interested in the IRD survey     , 

please join members of the proposal. 
¤  Observers and Theorists also welcome! 


